Phenazines are important secondary metabolites that have been found to affect a broad spectrum of organisms. Two almost identical gene clusters phz1 and phz2 are responsible for phenazines biosynthesis in the rhizobacterium Pseudomonas aeruginosa PA1201. Here, we show that the transcriptional regulator RsaL is a potent repressor of phenazine-1-carboxylic acid (PCA) biosynthesis. RsaL negatively regulates phz1 expression and positively regulates phz2 expression via multiple mechanisms. First, RsaL binds to a 25-bp DNA region within the phz1 promoter to directly repress phz1 expression. Second, RsaL indirectly regulates the expression of both phz clusters by decreasing the activity of the las and pqs quorum sensing (QS) systems, and by promoting the rhl QS system. Finally, RsaL represses phz1 expression through the downstream transcriptional regulator CdpR. RsaL directly binds to the promoter region of cdpR to positively regulate its expression, and subsequently CdpR regulates phz1 expression in a negative manner. We also show that RsaL represents a new mechanism for the turnover of the QS signal molecule N-3-oxododecanoyl-homoserine lactone (3-oxo-C12-HSL). Overall, this study elucidates RsaL control of phenazines biosynthesis and indicates that a PA1201 strain harboring deletions in both the rsaL and cdpR genes could be used to improve the industrial production of PCA.
Introduction
Phenazines are nitrogen-containing aromatic secondary metabolites which are produced and secreted by many different bacterial species. Primarily as a consequence of their redox activity, these compounds affect a broad spectrum of organisms including bacteria, fungi, plants, nematodes, parasites, and humans (Pierson and Pierson, 2006; De Vleesschauwer et al., 2008; Thomashow, 2013; Jayaseelan et al., 2014; Xu et al., 2015) . In the opportunistic human pathogen Pseudomonas aeruginosa, the phenazine pyocyanin (PYO) has long been recognized as an important virulence factor, which is important for the establishment of cystic fibrosis lung infections (Lau et al., 2004; Rada and Leto, 2013) . Phenazine-1-carboxylic acid (PCA) and phenazine-1-carboxamide (PCN) are phenazines produced by plant growth-promoting rhizosphere pseudomonads. These compounds exhibit wide-spectrum antimicrobial activity, and their roles in the biological control of plant pathogens have been studied extensively (Chin-A-Woeng et al., 2000; Hu et al., 2005; Pierson and Pierson, 2010) . In addition, phenazines have also been used as lead molecules in biotechnological applications including environmental sensing, microbial fuel cell production and anticancer therapy (Pierson and Pierson, 2010) . Therefore, researchers in disparate disciplines have long been interested in elucidating the mechanisms that control phenazines activity and biosynthesis.
All P. aeruginosa strains contain the two conserved gene clusters phzA 1 B 1 C 1 D 1 E 1 F 1 G 1 (abbreviated as phz1) and phzA 2 B 2 C 2 D 2 E 2 F 2 G 2 (abbreviated as phz2). Both phz1 and phz2 gene clusters contribute to PCA biosynthesis (Mentel et al., 2009; Li et al., 2011; Recinos et al., 2012; Cui et al., 2016; Sun et al., 2016) . The genome of most P. aeruginosa strains also contains the phzM, phzS, and phzH genes, which encode terminalmodifying enzymes responsible for PCA conversion into the phenazine derivatives PCN and PYO (Chin-AWoeng et al., 2001; Mavrodi et al., 2001) . Phenazines biosynthesis in pseudomonads is governed by a complex regulatory network comprised of quorum sensing (QS) and two-component systems, small noncoding RNAs (sRNAs), and a number of specific and global transcriptional regulators (Wagner et al., 2003; Williams and C amara, 2009; Sonnleitner and Haas, 2011; Balasubramanian et al., 2013; Sakhtah et al., 2013) . This regulatory network allows stringent modulation of phenazines biosynthesis in response to population dynamics and various environmental stimuli including temperature, pH, oxygen and nutrient availability (Duan and Surette, 2007; Huang et al., 2009; Recinos et al., 2012; Sakhtah et al., 2013; Cabeen, 2014) .
Pseudomonas aeruginosa has at least three different QS systems based on the production, secretion and perception of distinct signal molecules, namely the las, rhl and pqs QS systems (Jimenez et al., 2012; Balasubramanian et al., 2013) . All of them are involved in the regulation of PYO biosynthesis in P. aeruginosa strains PAO1 and PA14 (D eziel et al., 2005; Schuster and Greenberg, 2007) . Recently, we have shown that the las system differentially regulates phz1 and phz2 expression in the rhizosphere bacterium P. aeruginosa PA1201. In the same strain the rhl and pqs circuits are essential for the expression of both phz1 and phz2, and consequently for PCA biosynthesis . Since QS is important for controlling phenazines biosynthesis in P. aeruginosa, it is not surprising that many regulators which modulate QS timing and activity, such as RsaL, QteE, QscR, VqsR, and CdpR, also affect phenazine biosynthesis (Balasubramanian et al., 2013; Zhao et al., 2016) .
RsaL is a transcriptional regulator belonging to a new subfamily within the tetra-helical superclass of helixturn-helix proteins. It is recognized as the predominant repressor of the las QS system in P. aeruginosa and Pseudomonas fuscovaginae, and of the ppu QS system in Pseudomonas putida WCS358 (de Kievit et al., 1999; Rampioni et al., 2006; 2007a; Mattiuzzo et al., 2011; Venturi et al., 2011; Rampioni et al., 2012) . In P. aeruginosa PAO1 at high cell densities, RsaL represses the expression of lasI, the gene coding for the synthase required for the production of the signal molecule N-3-oxododecanoyl-homoserine lactone (3-oxo-C12-HSL). This repression activity limits 3-oxo-C12-HSL accumulation beyond physiological profitable levels at high cell density (Rampioni et al., 2007b) . As a consequence, rsaL mutation in P. aeruginosa PAO1 leads to enhanced surface motility and the production of secreted virulence factors such as elastase, hemolysins, hydrogen cyanide, and PYO. Conversely, when compared with the wild type strain, the rsaL mutation decreases the ability of this pathogen to cause chronic lung infections in mice (de Kievit et al., 1999; Rampioni et al., 2009; Bond ı et al., 2014) . Notably, transcriptomic analyses revealed that RsaL has a negative impact on the expression of multiple genes, including the phz1 cluster, phzM and phzS (Rampioni et al., 2007b) . However, the detailed mechanisms underlying RsaL-mediated control of phz cluster expression and phenazine biosynthesis remain largely unknown.
Pseudomonas aeruginosa PA1201 is a rice rhizosphere strain which produces a high level of PCA and PCN . Unlike the clinically isolated P. aeruginosa strains PAO1 and PA14, PA1201 is less toxic to both human cell lines and Drosophila melanogaster and is amenable to genetic modification Jin et al., 2015) . Therefore, it has become a model bacterium to study the molecular regulation of phenazine biosynthesis. In this study, we show that RsaL is a potent repressor of PCA biosynthesis. RsaL negatively and positively regulates phz1 and phz2 expression, respectively, via three different mechanisms. First, it directly represses the expression of the phz1 cluster by binding to the phz1 promoter region; second, it differentially controls the activity of three QS systems involved in phz1 and phz2 regulation; third, it positively regulates the expression of the phz1 repressor CdpR. This study also shows that RsaL represents a new mechanism for the turnover of the 3-oxo-C12-HSL signal molecule. Our findings suggest that PA1201 strains harboring deletions in the rsaL and cdpR genes could be used to improve the industrial production of PCA.
Results

RsaL is a repressor of PCA biosynthesis
The rsaL gene encodes an 80-amino acid protein with a k repressor-like DNA binding domain (DBD), and its genomic position in P. aeruginosa strain PA1201 is in the intergenic region between lasR and lasI (Supporting Information Fig. S1A ). To investigate its role in PCA biosynthesis, the rsaL gene was in-frame deleted from the PA1201-derived strain MSH, which has deletions of the phzM, phzS, and phzH genes that result in the production of PCA as the sole phenazine (Jin et al., 2015) . Mutation of rsaL did not significantly affect bacterial growth in PPM medium since the DrsaL strain reached slightly lower cell densities compared with the MSH strain only after extended incubation (48 h, Fig. 1A ). The DrsaL strain produced higher levels of PCA at three tested incubation time points (76.5 mg/L at 12 h, 210.5 mg/L at 24 h, 231.9 mg/L at 48 h) compared with the MSH strain (58.5 mg/L at 12 h, 74.7 mg/L at 24 h, 88.5 mg/L at 48 h). PCA levels increased between 1.3 (12 h) and 2.6-fold (48 h, Fig. 1B) . Complementation of the DrsaL mutant strain via the chromosomal integration of a single copy genetic cassette for rsaL expression (hereafter referred to as DrsaL::rsaL) restored both cell growth and PCA biosynthesis to MSH levels ( Fig. 1A and B). In agreement with the negative role played by RsaL on PCA biosynthesis, the overexpression of RsaL via a pBBR-1-MCS-derivative multicopy plasmid caused a reduction in PCA levels in the DrsaL strain [hereafter referred to as DrsaL(rsaL)] compared with strain MSH (Fig. 1B) .
RsaL negatively regulates phz1-dependent PCA biosynthesis and positively regulates phz2-dependent PCA biosynthesis
As previously discussed, P. aeruginosa PA1201 contains two almost identical PCA biosynthetic operons, phz1 and phz2, which both contribute to PCA synthesis . To determine which operon(s) are repressed by RsaL, we tested the effect of rsaL mutation in MSH mutant strains carrying deletions of either the phz1 (Dphz1) or phz2 (Dphz2) operons. In the strain Dphz1, PCA biosynthesis is dependent only on the activity of the enzymes coded by the phz2 operon (phz2-dependent PCA biosynthesis), while in the Dphz2, PCA biosynthesis is only dependent on the enzymes coded by the phz1 operon (phz1-dependent PCA biosynthesis).
When grown in PPM medium, mutation of rsaL resulted in slightly decreased bacterial cell densities for strains Dphz1 and Dphz2, but again only after 48 h of incubation (Supporting Information Fig. S2 ). HPLC analyses revealed that PCA levels in the Dphz2DrsaL culture at 12 h, 24 h, and 48 h of inoculation (67 mg/L, 180 mg/ L, and 206 mg/L, respectively) were 9.0-to 20.4-fold higher than PCA levels in the Dphz2 culture at the same time points (7.4 mg/L at 12 h, 8.8 mg/L at 24 h, 10.1 mg/L at 48 h) ( Fig. 2A) . Overexpression with plasmidborne rsaL in the Dphz2DrsaL strain almost abolished PCA biosynthesis ( Fig. 2A) . Conversely, PCA levels in the Dphz1DrsaL culture were 10.8 mg/L (12 h), 14.6 mg/L (24 h), and 35.2 mg/L (48 h), ranging from 42.5% to 56.2% of the PCA levels produced by the Dphz1 strain at the same growth stages (Fig. 2B) . Overexpression of rsaL in the Dphz1DrsaL strain restored PCA biosynthesis to the Dphz1 levels (Fig. 2B ). These results demonstrate that RsaL negatively regulates phz1-dependent PCA biosynthesis, while this transcriptional regulator has a positive effect on phz2-dependent PCA biosynthesis.
RsaL exerts a negative effect on phz1 and a positive effect on phz2 at the transcriptional level Previous reports with P. aeruginosa M18 revealed a regulatory feedback loop which connects the expression of the two phz operons. PCA produced via the phz2 cluster promoted the expression of the phz1 cluster (Li et al., 2011) . To monitor the expression of each phz cluster in PA1201 while avoiding feedback between them, Sun et al. (2016) constructed the two reporter strains, Dphz2::Pphz1-lacZ and Dphz1::Pphz2-lacZ. To clarify the regulatory effect of RsaL on each phz cluster in this study, rsaL was deleted in the two reporter strains and the resultant strains (DrsaLDphz2::Pphz1-lacZ and A. Bacterial growth in 50 ml of PPM medium in a 250 ml flask. B. PCA production in PPM medium. Averages for three independent experiments with standard deviation are shown. Statistically significant differences with respect to the MSH strains are indicated by one or two asterisks (p 0.05).
DrsaLDphz1::Pphz2-lacZ) were compared with their parent reporter strains for b-galactosidase activity. As shown in Fig. 2C , when grown in PPM medium the b-galactosidase activity of the Dphz2::Pphz1-lacZ culture was significantly lower than that of the DrsaLDphz2::Pphz1-lacZ culture at all four growth points. In contrast, the b-galactosidase activity of the Dphz1::Pphz2-lacZ culture was significantly higher than that of the DrsaLDphz1::Pphz2-lacZ culture during growth (Fig. 2D) . These results suggest that RsaL decreases phz1 expression independently of phz2, and that it promotes phz2 expression independently of phz1.
Deletion of rsaL in the Dphz2 strain significantly increased phz1 transcriptional activity 6.7-to 9.7-fold and PCA yield 9.0-to 20.4-fold ( Fig. 2A and C ). In contrast, deletion of rsaL in strain Dphz1 significantly decreased phz2 transcriptional activity 1.4-to 1.5-fold and PCA yield 1.9-to 2.3-fold ( Fig. 2B and D) . These results suggest that the RsaL repressor activity on phz1 is dominant over its activator activity on phz2. This is further supported by the findings that rsaL mutation ultimately results in increased PCA levels in the MSH strain (Fig. 1) .
RsaL directly binds to the phz1 promoter region
Previous EMSA analyses showed that RsaL is capable of forming stable complexes with the phz1 promoter region, Pphz1 (Rampioni et al., 2007b) . Based on the sequence of the RsaL-binding site in the lasI promoter region, a putative RsaL-binding site on the phz1 promoter was proposed as TATGCAATCCACATC (Rampioni et al., 2007b) . In this study, the RsaL protein from P. aeruginosa PA1201 was expressed in the heterologous host Escherichia coli BL21 (DE3, pLysS) and purified by means of Ni 21 -affinity chromatography (Fig. 3A) . EMSA was performed with purified RsaL and a DNA probe encompassing the 368 bp region upstream of the phz1 translational start site (named Pphz1). As shown in Fig. 3B , purified RsaL (0.2-0.8 mg) was capable of forming stable complexes with the biotin-labeled Pphz1 probe (named Pphz1-bio, 100 ng). Furthermore, addition of unlabeled Pphz1 (4.5 mg) to the reaction mixture containing 0.8 mg of RsaL and 100 ng of labeled Pphz1-bio hampered the formation of a stable RsaL/ Pphz1-bio complex (Fig. 3B) .
To characterize the RsaL-binding site on the Pphz1 promoter, a DNase I protection assay was performed as described in the Experimental Procedures section. As shown in Fig. 3C and D, RsaL protects a 25 bp DNA region (5 0 -TTTTATGCAATCCACATCAGCGACC-3 0 ), spanning from nucleotide 2348 to nucleotide 2324 upstream from the phz1 translational start site (Fig. 3D ). As shown in Supporting Information Fig. S3A , the RsaL binding site on the Pphz1 promoter encompasses the previously proposed RsaL-binding site and shares several conserved nucleotides with the RsaL-binding sites identified on the promoters of lasI in P. aeruginosa PAO1 and ppuI in P. putida WCS358 (Rampioni et al., 2007b (Rampioni et al., , 2012 . This region partially overlaps with the putative 210 consensus sequence for r 70 binding and with the putative transcriptional start site ( Fig. 3D ), suggesting a possible competition between RsaL and the r
70
-dependent RNA polymerase for binding to the phz1 promoter region.
However, further investigations into RsaL binding are complicated by the fact that the RsaL-binding site overlaps with the phz1 210 consensus sequence and the transcriptional initiation site. This means that it is difficult to assess RsaL-binding capacity without concomitantly affecting the RNA polymerase-dependent activation of the promoter. Indeed, point mutation in the conserved residues CAT, or deletion of 12 bp (MSHD12) or 25 bp (MSHD25) of the RsaL-binding site in the MSH strain, all resulted in decreased PCA production (Supporting Information Fig. S3B and C). In particular, the observation that PCA levels in the MSHD12 or MSHD25 cultures are comparable with the PCA levels measured in the Dphz1 culture suggests that extended deletions in the Pphz1 promoter probably disrupt the putative 210 consensus sequence, thus abrogating Pphz1 activity. However, a shorter deletion encompassing the last seven nucleotides of the RsaL-binding site (5 0 -AGCGACC-3 0 )
in the Dphz2 strain led to a significant increase in PCA biosynthesis, from 8.1 mg/L in the phz2 strain to 55.6 mg/L in the Dphz2D7 strain (Fig. 3E ). This 6.9-fold increase in PCA levels is lower compared with the observed 22.3-fold increase in the Dphz2DrsaL strain (180.5 mg/L; Fig. 3E ) suggesting that deletion of the last seven nucleotides of the RsaL-binding site decreases the affinity of RsaL for the phz1 promoter, without completely eliminating protein binding. EMSA analyses revealed that RsaL is not capable of forming stable complexes with the DNA probe encompassing the 322 bp region upstream of the phz2 translational start site (named Pphz2) (Supporting Information Fig. S4B ). This indicates that the regulatory activity exerted by RsaL on phz2 is indirect.
RsaL negatively regulates lasI expression and 3-oxo-C12-HSL biosynthesis in PA1201
Previous results with P. aeruginosa PAO1 showed that RsaL directly binds to the lasI promoter region to repress the las QS system (de Kievit et al., 1999; Rampioni et al., 2006 Rampioni et al., , 2007b . In this study, we verified the effect of rsaL mutation on 3-oxo-C12-HSL biosynthesis and lasI expression in the PA1201-derived strain MSH. As shown in Fig. 4A , the use of the Agrobacterium tumefaciens CF11 biosensor strain revealed that rsaL mutation causes a strong increase in 3-oxo-C12-HSL production also in the MSH strain. Complementation with a single copy of rsaL (DrsaL::rsaL) restored wild type levels of 3-oxo-C12-HSL, while rsaL overexpression almost completely abolished 3-oxo-C12-HSL biosynthesis (Fig. 4A) . The 3-oxo-C12-HSL levels in the culture supernatants of the same strains were also determined by means of LC-MS. This showed that 3-oxo-C12-HSL levels in MSH increased from 0.09 lM at 6 h to 1.10 lM at 12 h, and then decreased to 0.16 lM following 48 h of growth. Deletion of rsaL led to a 37.0-to 57.9-fold increase in the level of 3-oxo-C12-HSL compared with the MSH strain (Fig. 4B ). This increase could be complemented by the chromosomal integration of a singlecopy of rsaL (Fig. 4B) .
The effects of RsaL on lasI expression were verified using two strains (MSH::PlasI-lacZ and DrsaL::PlasIlacZ) generated in this study. The lasI promoterdependent b-galactosidase activity in MSH cultures increased from 5795 M.u. at 6 h to 14160 M.u. at 12 h, and then decreased to 9956 M.u. after 48 h of growth (Fig. 4C) . The lasI promoter activity in DrsaL cultures was significantly higher than that in MSH cultures at the four growth points analyzed (Fig. 4C ). These findings confirmed that RsaL negatively regulates lasI expression and concomitant 3-oxo-C12-HSL synthesis in strain PA1201.
The positive effect of RsaL on phz2-dependent PCA biosynthesis is mediated by lasI Since the las QS system controls the expression of the phz clusters in P. aeruginosa PAO1 (Gilbert et al., 2009; Fig. 4 . RsaL negatively regulates 3-oxo-C12-HSL production.
A. Bioassay of 3-oxo-C12-HSL production using the reporter strain CF11. Blue spots indicate diffusible signal production. B. LC-MS analysis of 3-oxo-C12-HSL levels in PA1201-derived strains at 6 h, 12 h, 24 h, 36 h and 48 h after inoculation in PPM medium. C. The relative transcriptional activity of lasI as indicated by a promoter-lacZ fusion reporter. M. u., Miller Units. Each bar represents the average for three independent experiments, and error bars represent standard deviations. Statistically significant differences with respect to the MSH strain are indicated by one or two asterisks (p 0.05). Sun et al., 2016) , we postulated that it might be involved in the disparate effects exerted by RsaL on phz1 and phz2 expression in PA1201. To determine whether RsaL repression of phz1-dependent PCA biosynthesis depends on lasI, the Dphz2DlasI and Dphz2DlasIDrsaL strains were generated. PCA levels in the Dphz2DlasIDrsaL culture at 24 h (30.5 mg/L) were significantly higher than those in the Dphz2DlasI culture (9.7 mg/L at 24 h) (Fig. 5A) , and overexpression of rsaL in the strain Dphz2DlasIDrsaL significantly reduced PCA levels to 2.9 mg/L at 24 h (Fig. 5A) . The effect of RsaL on phz1 expression has also been validated by transcriptional fusions in lasI-proficient and -deficient genetic backgrounds (Supporting Information Fig. S5 ). These results suggest that RsaL represses phz1-dependent PCA biosynthesis irrespective of lasI.
To determine whether lasI is involved in RsaL activation of phz2-dependent PCA biosynthesis, rsaL was deleted in the strain Dphz1DlasI. The resultant strain, Dphz1DlasIDrsaL, synthesized similar levels of PCA to that of the strain Dphz1DlasI (Fig. 5B) . Overexpression of rsaL in strain Dphz1DlasIDrsaL also had little effect on PCA biosynthesis (Fig. 5B) . No significant difference in bacterial growth of the above strains was observed (Supporting Information Fig. S2C and D) . These data suggest that the positive effect exerted by RsaL on phz2-dependent PCA biosynthesis is mediated, at least in part, by the las QS system.
RsaL positively regulates C4-HSL biosynthesis
The levels of the rhl QS signal molecule N-butanoylhomoserine lactone (C4-HSL) produced by the DrsaL strain were not detectable by using the reporter strain Chromobacterium violaceum 026 (CV026) (Fig. 6A) . C4-HSL production in the DrsaL strain could be restored to wild type levels by chromosomal integration of a single copy of rsaL or plasmid-borne rsaL overexpression (Fig.  6A) . Furthermore, LC-MS analysis showed that C4-HSL levels in the MSH culture increased over time with a maximum level (4.0 lM) at 48 h. Deletion of rsaL had no effect on C4-HSL biosynthesis at 6 h and 12 h; however, significantly decreased C4-HSL levels were observed at later growth stages (Fig. 6B) . This effect could be complemented by chromosomal integration of a single copy of rsaL in the DrsaL strain (Fig. 6B) . The previous observation that strain DrsaL produced no C4-HSL signal in the CV026-dependent bioassay (Fig. 6A) was probably due to the poor detection limit of the reporter strain CV026. As shown in Supporting Information Fig. S6A , no purple spots were observed with this reporter strain for C4-HSL concentrations 5.0 lM.
Given that overexpression of the C4-HSL synthase gene, rhlI, in strain DrsaL restored C4-HSL synthesis to wild type levels (Fig. 6A) , we speculated that RsaL might positively regulate the expression of rhlI. To test this hypothesis, rhlI expression levels in strains MSH and DrsaL were investigated using the strains MSH::PrhlI-lacZ and DrsaL::PrhlI-lacZ. The rhlI promoter activity in MSH cultures increased from 22406 M.u. at A. LasI is not required for RsaL regulation of phz1-specific PCA biosynthesis at 24 h after inoculation in PPM medium. B. LasI is required for RsaL regulation of phz2-specific PCA biosynthesis at 24 h after inoculation in PPM medium. C. LasI is not required for CdpR regulation of phz1-specific PCA biosynthesis at 24 h after inoculation in PPM medium. Each bar represents the average for three independent experiments and error bars represent standard deviations. Statistical significance with respect to the control strain is indicated by one or more asterisks (p 0.05).
12 h to 41302 M.u. at 24 h and then remained steady during the later stages of bacterial growth. Deletion of rsaL significantly decreased the rhlI-dependent bgalactosidase activity (Fig. 6C) , suggesting that RsaL positively regulates rhlI expression. However, EMSA analysis showed that RsaL could not form stable complexes with rhlI or rhlR promoters (Supporting Information Fig. S4C and D) , suggesting that RsaL indirectly regulates rhlI expression and C4-HSL biosynthesis.
RsaL negatively regulates HHQ biosynthesis
The pqs QS system of P. aeruginosa is based on two major signal molecules, namely 2-heptyl-4-hydroxyquinoline (HHQ) and 2-heptyl-3-hydroxy-4-quinolone (PQS). The pqsABCDE operon encodes the enzymes responsible for HHQ biosynthesis, and the pqsH gene encodes the monooxygenase responsible for conversion of HHQ to PQS (D eziel et al., 2004) . We determined the HHQ and PQS levels of PA1201-derived strains cultured in PPM using the previously established LC-MS assay . With strain MSH, the maximum HHQ level (3.8 lM) was detected at 12 h, and HHQ levels then declined to 0.7 lM after 48 h of growth (Fig. 7A) . Deletion of rsaL significantly increased HHQ levels at all growth stages (Fig. 7A) . Integration of a single-copy of rsaL in the strain DrsaL restored HHQ production to MSH levels (Fig. 7A) . With strain MSH, PQS levels increased from 5.7 lM at 12 h to 15.3 lM after 48 h of growth (Supporting Information Fig. S7A ). Deletion of rsaL slightly increased PQS levels at the later growth stage (Supporting Information Fig. S7A ).
We next generated two reporter strains (MSH::PpqsAlacZ and DrsaL::PpqsA-lacZ) to monitor the transcriptional activity of the pqsABCDE promoter PpqsA. bgalactosidase assays showed that deletion of rsaL significantly increased PpqsA activity (Fig. 7B) . However, EMSA studies indicated that RsaL could not form a stable complex with the PpqsA promoter region (Supporting Information Fig. S4E ), suggesting that RsaL indirectly exerts its repressive on PpqsA activity and HHQ biosynthesis. We also generated two reporter A. Bioassay of C4-HSL production using the reporter strain CV026. Purple spots indicate diffusible signal production. B. LC-MS analysis of C4-HSL levels of MSH-derived strains at 6 h, 12 h, 24 h, 36 h and 48 h after inoculation in PPM medium. C. The relative transcriptional activity of rhlI as indicated by a promoter-lacZ fusion reporter. M. u., Miller Units. D. LC-MS analysis of C4-HSL levels in MSH-derived strains at 24 h after inoculation. Each bar represents the average for three independent experiments and error bars represent standard deviations. Statistical significance with respect to the MSH strain is indicated by one or more asterisks (p 0.05).
strains (MSH::PpqsH-lacZ and DrsaL::PpqsH-lacZ) to monitor the activity of the pqsH promotor PpqsH. The results showed that deletion of rsaL had little effect on PpqsH activity (Supporting Information Fig. S7B ).
lasI is required for the RsaL-dependent regulation of C4-HSL and HHQ biosynthesis Previous results showed that QS circuits in P. aeruginosa are organized in a hierarchical manner with the las system located at the top of the signaling hierarchy to regulate the rhl and pqs systems (Schuster and Greenberg, 2006; Williams and C amara, 2009; Cabeen, 2014) . This prompted us to investigate whether reduced C4-HSL biosynthesis and increased HHQ biosynthesis in the DrsaL strain are due to 3-oxo-C12-HSL overproduction consequent to rsaL mutation. To this end, lasI was overexpressed in strain MSH. As expected, the resultant strain, MSH(lasI), synthesized more 3-oxo-C12-HSL than strain MSH (Supporting Information Fig.  S6B ). LC-MS analysis showed that strain MSH(lasI) synthesized significantly less C4-HSL (1.1 lM) than strain MSH (2.2 lM) in PPM medium (Fig. 6D) . In addition, when both rsaL and lasI genes were deleted (strain DrsaLDlasI), we observed a significant increase in C4-HSL levels (2.4 lM) compared with the DrsaL strain (0.8 lM). Finally, overexpression of lasI in strain DrsaLDlasI significantly reduced C4-HSL levels to 0.7 lM (Fig. 6D) . These results suggest that reduced levels of C4-HSL measured in the DrsaL strain are due to the increased synthesis of 3-oxo-C12-HSL caused by rsaL mutation. Since S-adenosylmethionine (SAM) is a common precursor of both 3-oxo-C12-HSL and C4-HSL, it is likely that overproduction of 3-oxo-C12-HSL in the DrsaL strain limits SAM availability for the synthesis of C4-HSL.
As shown in Fig. 7C , overexpression of lasI in strain MSH significantly increased HHQ biosynthesis while deletion of lasI in strain DrsaL significantly decreased HHQ biosynthesis. In addition, overexpression of lasI in strain DlasIDrsaL significantly increased HHQ biosynthesis (Fig. 7C) . Thus the negative effects of RsaL on HHQ biosynthesis are also mediated by lasI.
RasL regulates PCA biosynthesis through the transcriptional factor CdpR
The transcriptional regulator CdpR has been recently demonstrated to affect QS and virulence in P. aeruginosa PAO1 (Zhao et al., 2016) . Using the lacZ-dependent reporter strains MSH::PcdpR-lacZ and DrsaL:: PcdpR-lacZ, we showed that RsaL positively regulates the activity of the cdpR promoter PcdpR, particularly at late growth stages (Fig. 8A) . EMSA analyses showed that RsaL forms stable complexes with a DNA probe encompassing the PcdpR promoter region (Fig. 8B) , indicating that RsaL directly exerts a positive control on cdpR transcription. Furthermore, our results show that deletion of cdpR in strain MSH significantly increased PCA biosynthesis, while overexpression of cdpR dramatically reduced PCA biosynthesis (Fig. 8C) . The double deletion strain DcdpRDrsaL produced about 15% more PCA than strain DrsaL (Fig. 8C) , and overexpression of cdpR in the DcdpRDrsaL strain significantly reduced PCA biosynthesis; conversely, overexpression of rsaL only partially reduced PCA biosynthesis in the DcdpRDrsaL strain (Fig. 8C) . These findings suggest that CdpR is acting downstream of RsaL to repress PCA biosynthesis. Consistent with the above findings, additional results showed that CdpR negatively regulates the expression of the phz1 cluster (Supporting Information Fig. S8 ). Furthermore, CdpR regulation of phz1 expression was independent of lasI ( Fig. 5C) , and CdpR had no effect on the biosynthesis of either 3-oxo-C12-HSL or C4-HSL (Supporting Information Fig. S6C ).
Discussion
RsaL differentially regulates phz1-and phz2-dependent PCA biosynthesis in PA1201
Previous results with strain PAO1 showed that deletion of rsaL significantly increases PYO biosynthesis (Rampioni et al., 2007b) ; however, the detailed mechanism underlining this phenomenon was not fully elucidated. In this study, we first demonstrated that RsaL represses PCA biosynthesis in PA1201 batch culture (Fig. 1) . We then demonstrated that RsaL negatively regulates phz1-dependent PCA biosynthesis, and positively regulates phz2-dependent PCA biosynthesis (Fig. 2) . RsaL repressor activity on phz1 is dominant over its activator activity on phz2. As a whole, the increase in PCA biosynthesis in the DrsaL culture is a net result of the opposite effects exerted by RsaL on the two phz clusters.
RsaL regulates the expression of the phz clusters via multiple mechanisms
Previous EMSA analysis with strain PAO1 showed that RsaL binds directly to the phz1 promoter region, and a putative binding site (TATGCAATCCACATC) was proposed (Rampioni et al., 2007b) . This study confirmed that RsaL binds directly to the phz1 promoter region and represses phz1 expression (Fig. 3) . RsaL does not bind to the phz2 promoter region (Supporting Information Fig. S4B) . A DNase I protection sequencing assay identified the RsaL binding site on the phz1 promoter as TTTTATGCAATCCACATCAGCGACC, and this binding site includes the previously proposed RsaL binding site in the phz1 promoter region of PAO1 (Fig. 3) . Further analysis revealed that the identified RsaL binding site overlaps with the 210 consensus sequence and with the transcriptional start site of phz1 (Fig. 3D) . Interestingly, RsaL binding sites on the promoters PlasI of PAO1 and PppuI of P. putida WCS358 also overlap with the 210 consensus sequence (Rampioni et al., 2007b (Rampioni et al., , 2012 . The 210 region is recognized by the RNA polymerase (RNAP) a-CTD subunit and is essential for transcriptional initiation. This is probably why RsaL has a strong repressor activity on phz1 and phz1-dependent PCA biosynthesis.
QS is one of the most important mechanisms for the regulation of phenazines biosynthesis in P. aeruginosa (Schuster and Greenberg, 2006; Diggle et al., 2007) . Recently, the C4-HSL receptor RhlR and the PQS receptor PqsR were shown to positively regulate the expression of the phz clusters and PCA biosynthesis in the rhizosphere strain PA1201, whereas the 3-oxo-C12-HSL receptor LasR was reported to positively regulate phz1 expression during early growth stages while negatively regulating phz2 expression in this bacterium . In this study, we showed that RsaL represses lasI expression and subsequent 3-oxo-C12-HSL synthesis in PA1201 (Fig. 4) . This is highly consistent with previous findings that RsaL directly binds to the lasI promoter region to repress lasI expression and 3-oxo-C12-HSL synthesis in PAO1 (de Kievit et al., 1999; Rampioni et al., 2007b) . In addition, we also showed that RsaL positively regulates rhlI expression and C4-HSL biosynthesis, and negatively regulates the expression of the pqsABCDE operon and HHQ biosynthesis (Figs 6 and 7) . Thus, it is likely that dysregulation of the las, rhl and pqs QS systems, caused by rsaL mutation, affect the expression of the phz clusters and PCA biosynthesis in PA1201. In P. aeruginosa PAO1, the LasR/ 3-oxo-C12-HSL complex was shown to positively regulate rhl and pqs expression (Latifi et al., 1996; Pesci et al., 1997; Jimenez et al., 2012) . In this study, our observation that deletion of rsaL significantly increases HHQ biosynthesis is consistent with those in PAO1; however, the observation that deletion of rsaL significantly reduces C4-HSL biosynthesis is not. Our further results in PA1201 showed that a reduction in the synthesis of C4-HSL in the DrsaL strain was mainly due to substantial increases in 3-oxo-C12-HSL synthesis ( Figs  5 and 6D ). Since the lactone rings of both 3-oxo-C12-HSL and C4-HSL derive from the same precursor Sadenosylmethionine in their biosynthetic pathways (Hoang et al., 2002) , excessive production of 3-oxo-C12-HSL in the strain DrsaL likely drains the pool of Sadenosylmethionine that is also required for C4-HSL biosynthesis, thus leading to reduced C4-HSL production. However, lasI-independent effects of RsaL on C4-HSL and HHQ biosynthesis cannot be ruled out.
Our study also shows that RsaL regulates PCA biosynthesis through the transcriptional factor CdpR ( Fig. 8;  Supporting Information Fig. S8 ). CdpR is a recently characterized AraC-family transcription factor in P. aeruginosa PAO1. Deletion of cdpR in PAO1 results in increased production of PYO and biofilm formation, as well as enhanced pathogenicity in a mouse model of infection (Zhao et al., 2016) . Kang et al. (2017) also showed that RsaL directly bind to the promoter region of cdpR. Whether CdpR directly binds to the phz1 promoter or indirectly regulates its expression will need to be further investigated. In PAO1, CdpR was previously shown to control PQS biosynthesis via direct regulation of pqsH expression (Zhao et al., 2016) ; however, deletion of rsaL had little effect on PQS biosynthesis and pqsH expression in this study (Supporting Information Fig. S7A ). This is probably because RsaL is acting upstream of CdpR in the regulatory cascade to differentially regulate pqsH expression through both lasI-dependent and cdpRdependent pathways (Figs 4 and 8) .
Overall, our results contribute to a better understanding of the regulatory mechanisms underpinning RsaLmediated control of phz cluster expression and PCA biosynthesis in the rhizosphere strain PA1201. Although more detailed regulatory mechanisms remain to be experimentally verified, a general working model for the role of RsaL in the regulation of PCA biosynthesis in P. aeruginosa PA1201 is proposed (Fig. 9 ).
RsaL plays a key role in regulating the transition of QS signals from 3-oxo-C12-HSL to C4-HSL during P. aeruginosa growth Previous studies with PAO1 showed that RsaL represents a QS fine-tuning mechanism which regulates 3-oxo-C12-HSL homeostasis (de Kievit et al., 1999; Rampioni et al., 2007b) . Our analysis of the 3-oxo-C12-HSL and C4-HSL production pattern in PA1201 wild type and rsaL mutant strains (Figs 4 and 6) suggest that RsaL plays a key role in the homeostasis of both 3-oxo-C12-HSL and C4-HSL. In a PA1201 wild type culture 3-oxo-C12-HSL reaches a maximum level at 12 h and then decreases (Fig. 4) . Conversely, C4-HSL concentration was low at the early stages (6 h and 12 h), and then increased steadily from 12 h to 48 h (Fig. 6) . The deletion of rsaL resulted in 3-oxo-C12-HSL overproduction and C4-HSL reduced production at all stages of growth (Figs 4 and 6) . Thus, RsaL seems to be important in regulating the transition of QS signals from 3-oxo-C12-HSL to C4-HSL during growth. In PAO1, QS signals 3-oxo-C12-HSL and C4-HSL have been shown to have different regulons (Latifi et al., 1996; Wagner et al., 2003; Cornforth et al., 2014) . RsaL has also been proposed to be important in regulating the transition from the planktonic to the sessile life style since a PAO1 rsaL mutant exhibited increased swarming motility and decreased biofilm formation with respect to its wild type isogenic strain (Rampioni et al., 2007b) . Whether the transition of QS signals is associated with this phenotypic transition deserves further investigation.
It is now widely accepted that bacterial communities need to exit the QS phase in the post-quorum growth phase. A tumefaciens blcC (formerly attM) encodes a lactonase-like enzyme which is induced at stationary phase to degrade the 3-oxo-C8-HSL signal, and hence facilitate exiting of the QS-regulated Ti plasmid conjugal transfer phase (Zhang et al., 2002; Lang and Faure, 2014) . Recently, it was shown that in the phytopathogens Xanthomonas, a fatty acyl-CoA ligase gene rpfB is induced at late growth stages to turn over the DSF-family QS signals to facilitate exiting of the QS phase Wang et al., 2016) . In vitro data showed that 3-oxo-C12-HSL and C4-HSL signals can be degraded by enzymes exhibiting both acylase and lactonase activity. Although P. aeruginosa PAO1 contains three genes which encode acylases, pvdQ (PA2385), quiP (PA1032) and hacB (PA0305) (Huang et al., 2003 (Huang et al., , 2006 Wahjudi et al., 2011) , there is no evidence that they are involved in the physiological turnover of the QS signal molecules (Grandcl ement et al., 2016) . Based on previous and current findings, RsaL probably represents a new mechanism for the turnover of QS signal molecule 3-oxo-C12-HSL in both strains PAO1 and PA1201. This mechanism is different from those characterized in A. tumefaciens and Xanthomonas in that P. aeruginosa effectively controls 3-oxo-C12-HSL concentration by transcriptional repression of its synthase gene, lasI. Since a similar genetic locus (lasRrsaL-lasI) is also present in other Pseudomonas, Burkholderia and Paraburkholeria species (Supporting Information  Fig. S1B ), this mechanism might be conserved in these bacterial species, and this deserves further investigation.
The significance of rsaL and cdpR in the industrial production of Shenqinmycin Due to rising concerns regarding the use of chemical pesticides in the 1980s, researchers became very interested in the antifungal properties of the phenazines produced by soil pseudomonads and their potential use in the control of fungal diseases of plants. A 1% Shenqinmycin suspension which contains the phenazine PCA as active ingredient has recently been registered in China as a green biopesticide (Xu, 2013) . PCA is currently produced by catalytic fermentation with the rhizosphere strain P. aeruginosa M18. However due to the low industrial fermentation titer of PCA, the production costs of this biopesticide are much higher than those for other chemical pesticides, limiting the feasibility of its application (Jin et al., 2015) . Genetically modifying the PCA biosynthesis pathway and regulatory network provides an effective way to increase its yield. Several regulatory genes, such as gacA and qscR, were previously genetically modified to improve PCA synthesis in P. aeruginosa M18 (Ge et al., 2004; Wang et al., 2007) . However, this study shows that the deletion of both rsaL and cdpR is even more effective in increasing PCA synthesis than the previous methods (Fig. 8C) . The combination of rsaL and cdpR deletion with the optimization of fermentation conditions will help to improve PCA yield and likely to promote Shenqinmycin application in the near future.
Experimental procedures
Bacterial strains and growth conditions
The bacterial strains used in this study are listed in Supporting Information Table S1 . P. aeruginosa strain PA1201 has been previously described elsewhere (Jin et al., 2015; Zhou et al., 2016) . PA1201 wild type and its isogenic mutant strains were grown at 288C in 50 ml of PPM (Pigment-Producing Medium; 22 g/L Tryptone, 20 g/L glucose, 5 g/L KNO 3 , pH 7.5) (Shtark et al., 2003) in 250-ml flasks. E coli strains were grown in shake culture (200 RPM) at 378C in Luria-Bertani (LB) broth. When required, the media were supplemented with the following antibiotics: spectinomycin (50 mg/ml), tetracycline (100 mg/ml for P. aeruginosa strains and 10 mg/ml for E. coli strains), kanamycin (50 mg/ ml), and gentamicin (100 mg/ml for P. aeruginosa strains and 20 mg/ml for E. coli strains).
DNA manipulation and generation of in-frame deletion mutants
Plasmid DNA preparation, enzyme digestion, agarose gel electrophoresis, and ligation were performed using standard methods (Sambrook and Russell, 2001) . Triparental matings between PA1201 and E. coli were carried out with the helper strain, E. coli (pRK2013). The plasmids used in this study are listed in Supporting Information Table S2 . The oligonucleotides used in this study are listed in Supporting Information Table S3 . The in-frame deletion mutants were generated via homologous recombination following a previously described method (He et al., 2006) . The generated marker-less mutants were verified by colony PCR and subsequent DNA sequencing. For single-copy complementation, the coding region of rsaL with its own promoter was amplified and cloned into mini-Tn7T-Gm, which integrates into the chromosome at the neutral site attTn7 (Jittawuttipoka et al., 2009).
PCA extraction and quantitative assay by HPLC analysis
For PCA extraction, 180 ml of fermentation culture was mixed with 20 ml of 6 M HCl and then extracted with 540 ml of chloroform as previously described (Jin et al., 2015) . A three-microliter aliquot of extracted PCA sample was then used for HPLC analysis (Agilent Technologies 1260 Infinity) under the following conditions: C18 reversed-phase column (5 lm, 4.6 3 150 mm) eluted with acetonitrile-5 mM ammonium acetate (60:40, v/v). PCA production was quantified from peak area (A) in HPLC using the formula PCA (mg/ L) 5 0.0146A-0.341, which was derived from a dose-peak area plot using purified PCA with a correlation coefficient (R 2 ) of 0.999.
Construction of promoter-lacZ fusions and bgalactosidase assays
For the generation of the promoter-lacZ fusions, promoter regions of approximately 500 bp with approximately 30 bp coding sequences from the target genes, phz1, phz2, lasI, and rhlI, were individually PCR-amplified and cloned into the mini-CTX-lacZ vector (Becher and Schweizer, 2000) . The resultant plasmids (listed in Supporting Information Table S2 ) were integrated into the chromosomes of PA1201-derived strains. b-galactosidase activity was determined in the resultant strains according to the standard protocol described by Miller (Sambrook and Russell, 2001) . The experiments were performed in triplicate at different points of the growth curve on bacterial cultures grown in PPM medium.
Protein expression, purification, and SDS-PAGE
The coding region of RsaL was amplified by PCR with the primers listed in Supporting Information Table S3 and then cloned using NdeI-BamHI digestion into the expression vector pET28a (Merck KgaA, Darmstadt, Germany) in frame with the sequence coding for a 6-histidine tag at the N-terminus of the gene. The resultant plasmid was introduced into E. coli BL21 (DE3, pLysS) for heterologous protein expression. RsaL expression was induced with IPTG (0.1 mM), and the recombinant protein was purified by Ni 21 -affinity chromatography from the soluble cellular fraction using His-Pur Ni-NTA Resin (Thermo Scientific, Pierce Biotechnology, USA) according to the manufacturer's instructions. RsaL was eluted with buffer containing 20 mM sodium phosphate, 300 mM sodium chloride and 250 mM imidazole (pH 7.4), and the purified protein was then dialyzed against buffer containing 10 mM Tris-HCl, 150 mM NaCl, 10% (v/v) glycerol, pH 7.5. Protein purity was determined following sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Electrophoretic mobility shift assay (EMSA)
EMSA was performed following the procedures of the Thermo Scientific LightShift Chemiluminescent EMSA Kit. Briefly, the DNA fragments containing the binding site of interest were labeled at the 5 0 -end with biotin. These labeled probes were then incubated with different amounts of RsaL in binding buffer [10 mM Tris-HCl, 1 mM EDTA, 5 mM MgCl 2 , 50 mM KCl, 2.5% (v/v) glycerol, 30 lg/ml poly(dI-dC), 0.05% (v/v) NP-40, pH 8.0]. Subsequently reactions were carried out in a final volume of 20 lL. After 20 min of incubation at 258C, the reaction mixtures were loaded and run on a 5% (w/v) polyacrylamide gel under non-denaturing conditions, and then transferred to a nylon membrane. The biotin end-labeled DNA was detected using Streptavidin-Horseradish Peroxidase Conjugate and chemiluminescent substrate (Thermo Scientific, Pierce Biotechnology, USA).
DNase I protection footprint sequencing assay DNase I protection assays was performed as previously described (Wang et al., 2012) . For preparation of fluorescent FAM-labeled probes, the promoter region (Pphzl) was PCR amplified using Dpx DNA polymerase (TOLO Biotech, Shanghai), pUC18B-T-Pphzl as the template, and primers T3 (FAM) and T7. The FAM-labeled probes were purified by the WizardV R SV Gel and PCR Clean-Up System (Promega, USA) and then quantified with NanoDrop 2000C (Thermo, USA). For each assay, 100 ng probes were incubated with different amounts of RsaL in a total volume of 40 ml reaction mixtures containing 43 mM Trisacetate, 30 mM potassium acetate, 8 mM MgCl 2 , 27 mM ammonium acetate, 1 mM dithiothreitol, 80 mM KCl, 2 mM CaCl 2 , 10% (v/v) glycerol, 4% (w/v) polyethylene glycol, 100 mg/ml bovine serum albumin, 100 mg/ml poly (dI-dC), pH 8.0. After incubation for 30 min at 258C, 10 ml of solution containing approximately 0.015 units of DNase I (Promega) and 100 nM freshly prepared CaCl 2 was added and the samples were further incubated for 1 min at 258C. The reaction was then terminated by adding 140 ml of DNase I stop solution [200 mM unbuffered sodium acetate, 30 mM EDTA, 0.15% (w/v) SDS]. Samples were subsequently extracted with phenol/chloroform, precipitated with ethanol, and the pellets were then dissolved in 30 ml of Milli-Q water. DNA ladder preparation and gel electrophoresis were performed as previously described (Wang et al., 2012) , except that here we used the GeneScan-LIZ500 size standard (Applied Biosystems). Data were analyzed using the 3130XL DNA analyzer and Peak Scanner Software v1.0 (Applied Biosystems). The sequencing and data analyses were performed by Shanghai Biotechnology Corporation (Shanghai, China).
Bioassays for semi-quantitative determination of C4-HSL and 3-oxo-C12-HSL
The synthesis of C4-HSL and 3-oxo-C12-HSL in PA1201 and derived mutant strains was assessed by means of semi-quantitative diffusion plate assays using C. violaceum strain CV026 and A. tumefaciens CF11 biosensors Multiple regulatory roles of RsaL on PCA synthesis 943 V C 2017 John Wiley & Sons Ltd, Molecular Microbiology, 104, 931-947 respectively, as previously described (McClean et al., 1997; Zhang et al., 2007) . Purple or blue spots indicated that the diffusible QS signal molecules were detected by the biosensor strains. The synthesis of C4-HSL and 3-oxo-C12-HSL was proportional to the diffusion distance of the molecules from the producing strains.
Extraction and quantification of QS signal molecules
The method for QS signal molecule extraction and quantification has been previously described elsewhere . Briefly, 270 ml of culture supernatant was collected and adjusted to pH 4.0 with the addition of 6 M HCl. The adjusted supernatant was then extracted with an equal volume of ethyl acetate. A total of 100 ml of ethyl acetate extract was subsequently collected for evaporation at 408C, and the resultant residue was finally dissolved in 500 ml of methanol. A 10 ml aliquot of this sample was then injected into an ultraperformance liquid chromatography column which was coupled with mass spectrometry (Agilent UPLC1290-TOF-MS6230) using the following conditions: Agilent Zorbax XDB C18 reverse-phase (5 mm, 4.6 3 150 mm) system separated by gradient ACN with 0.5% acetic acid and H 2 O with 0.5% (v/v) acetic acid at 0.4 ml/min. The MS analysis was performed under positive mode with a scanning range of m/ z 5 100-1700. The concentration of QS molecules was quantified based on the peak area (A) of the specific extracted ion chromatogram (EIC) in the total ion chromatogram (TIC) according to the following formula: 3-oxo-C12-HSL (mM) 5 6.0 3 10 27 A. This formula was derived from a dose-peak area plot using standard 3-oxo-C12-HSL at different concentrations, with a correlation coefficient R 2 5 0.979. The same procedure was used to determine the concentration of C4-HSL, HHQ, and PQS, based on the formulas: C4-HSL (mM) 5 2.0 3 10 
Statistical analysis
All of the experiments were performed in triplicate at different points of the associated growth curves. The statistical significance of the differences observed in mean invasion frequencies was determined by calculating the p values using the two-tailed Student t test for unpaired data sets.
